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Abstract The effect of swell waves on atmospheric boundary layer turbulence under low winds was
explored using data from a fixed platform located in the South China Sea. The wind spectra, cospectra,
and Ogive curve measured at a height of 8 m above the mean sea surface provided direct evidence that wind
stress was affected by swell waves. To interpret such phenomena, an improved approach was derived based
on the fact that the total wind stress was the vector sum of turbulent stress and wave-coherent stress.
Different from the approaches of earlier studies, our approach did not align the turbulent stress with the
mean wind speed. The influence of swell waves on the magnitude and direction of the total wind stress was
analyzed using our approach. The results showed that the wave-coherent stress derived from our data
accounted for 32% of the total wind stress. The magnitude and angle of the wind stress changed by swell
waves depended on the relative angle between the turbulent stress and swell direction.

Plain Language Summary A better understanding of the interactions between ocean waves and
the atmospheric boundary layer (ABL) is crucial for predicting the future state of air-sea interactions and the
long-term development of the climate. Many recent studies have shown that the behavior of the ABL
under swell waves (ocean waves with old ages) is significantly different from that under young waves. In this
study, we focus on the effect of swell waves on ABL turbulence by using observational data from a fixed
platform located in the South China Sea. We show that swell waves can not only induce upward momentum
but also absorb momentum. The change in the wind stress vector by swell waves also depends on the relative
angle between the turbulent stress and swell direction. To interpret these phenomena, an improved
approach is given here based on the fact that the total wind stress is the vector sum of turbulent stress and
wave-coherent stress.

1. Introduction

Several decades of studies (Andreas et al., 2012; Drennan et al., 2003; Edson et al., 2013; Fairall et al., 2003;
Guan & Xie, 2004; Liu et al., 2012; Mahrt et al., 2018; Smith, 1980; Smith et al., 1992; Vickers et al., 2015;
Wu, 1980) have focused on the parameterization of wind stress over the oceans. These studies demonstrated
a clear increasing trend of the drag coefficient with wind speed under a moderate wind range. However,
wind speeds below 5-7 m/s or above 20-25 m/s are less understood: the former always encounters swell
waves (e.g., Hanley et al., 2010), and the latter is easily influenced by sea spray (e.g., Holthuijsen et al.,
2012; Takagaki et al., 2012). In this study, we focus on the former, that is, the interaction between swell
waves and wind stress under light wind speeds.

With increasingly available observational data from open sea, aircraft or fixed platforms, studies (e.g.,
Fairall et al., 2006; Garcia-Nava et al., 2009; Grachev et al., 2011; Vickers et al., 2013; Zou et al., 2017)
have shown that the drag coefficient, which is usually written as a function of mean wind speed, becomes
dramatically scattered under light wind speeds, resulting in many uncertainties for improving the accu-
racy of atmospheric and oceanic models. Babanin and Makin (2008) summarized a series of physical
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properties and phenomena, including wind speed, wave age and slope, and the gustiness of wind, and
suggested that the drag coefficient should incorporate all these factors into the final parameterization
to reduce scatter.

Among the above factors, swell waves, which travel faster than local winds and have long wave lengths and
old wave ages, have attracted the attention of researchers for a long time. For example, Rieder and Smith
(1998) showed that swell waves have a significant effect on both the magnitude and direction of wind stress.
By removing the swell effect from wind stress, Rieder and Smith found the behavior of residual stress such as
stress under wind sea. The studies of Grachev and Fairall (2001) and Grachev et al. (2003) showed that fast-
traveling swell waves can diminish the wind stress and drive the stress vector to deviate from the wind direc-
tion. The shift in the wind vector away from the wind direction was also reported by Zhang et al. (2009).
Garcia-Nava et al. (2012) showed that the presence of swell waves can reduce the wind stress by modifying
the sea roughness. Data from the Baltic Sea Swell Experiment also show that the drag coefficient is system-
atically lower than Rough Evaporation Duct experiment (Hogstrom et al., 2013; Hogstrom et al., 2015). In
addition, the experiment of Kahma et al. (2016) gives a direct evidence to demonstrate that an upward
momentum can be generated by swell waves.

The scatter of the drag coefficient is a result of swell waves affecting atmospheric turbulence. To describe
the turbulent process occurring in the atmospheric boundary layer (ABL), atmospheric and oceanic models
typically adopt the Monin-Obukhov similarity theory (MOST; Monin & Yaglom, 1971) to allow momentum
transfer from the air to water. The MOST is also widely used to convert meteorological data among different
heights and atmospheric stabilities, and its logarithmic layer assumption is the basic theory to compute wind
stress using wind profiles. Under swell conditions, however, field measurements (Hogstrom et al., 2009;
Hogstrom et al., 2013; Smedman et al., 2009) show that swell waves can exert a singular point in the
wind profile, which cannot be modeled within the framework of the traditional MOST. The invalid
MOST was further confirmed by direct numerical simulation (Kihara et al., 2007; Sullivan et al., 2000),
large-eddy simulation (Jiang et al., 2016; Nilsson et al., 2012; Sullivan et al., 2008 and Sullivan et al.,
2014), and simplified theoretical models (Hanley & Belcher, 2008; Semedo et al., 2009; Song et al., 2015
and Zou et al., 2018).

The inertial dissipation method (IDM) is also influenced by swell waves. Based on the MOST and turbu-
lent kinetic energy budget, the high-frequency portion of the inertial subrange is applied by IDM to
determine the wind stress. Studies (Pan et al., 2005; Sjoblom & Smedman, 2004) have shown that under
swell conditions, the IDM is not consistent with the eddy correlation method. It has also been shown that
the transport terms in the turbulent kinetic energy budget should not be treated as wind seas (Hogstrom
et al., 2009).

The effect of swell waves on ABL turbulence is a complex process, and more direct observations are required
to study the effects of swell waves on drag coefficients or the MOST. However, apart from a few studies
(Hogstrom et al., 2015; Hogstrom et al., 2018) showing a swell-related turbulent regime in cospectra (defined
in section 2), direct evidence of wind stress affected by swell waves from the turbulent level is still rare, espe-
cially when swell waves propagate in directions different from the wind direction. Thus, instead of studying
the effect of swell waves on drag coefficients or the MOST, this study focuses on direct evidence that wind
stress is affected by swell waves by analyzing cospectra and Ogive curves (cumulative summation of cospec-
tra). Then, effect of swell waves on wind stress and vectors is analyzed when the directions of swell waves
and the wind are different.

This paper is organized as follows. Section 2 gives the methods used in this study; section 3 introduces the
measurements; section 4 shows the results, including direct evidence of the effect of swell waves on cospec-
tra and Ogive curves, a physical interpretation, and the behavior of wind stress and vectors under swell con-
ditions; and finally, a discussion and conclusion are presented.

2. Methods

Turbulent flow in the ABL can be treated as a superposition of different sized eddies. These eddies derive
energy from background flow and interactions with themselves, thus yielding increasingly smaller-scale
eddies until the eddies are small enough to convert their energy to heat. When wind blows over the
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Figure 1. The location and the structure of the platform

water surface, the surface waves generated by the wind exert wave-coherent perturbations on the
wind (Harris, 1966) due to the difference in the pressure distribution before and after wave crests (e.g.,
Buckley & Veron, 2016). The wave-coherent perturbations merge into turbulence, significantly
changing the stress and vectors when the stress is computed by the eddy correlation method (Rieder &
Smith, 1998) and invalidating the MOST within the wave boundary layer (Babanin et al., 2018).

To better understand the effect of swell waves on ABL turbulence, it is key to determine the wave-coherent
stress, which is a vital part of the total wind stress (Hristov & Ruiz-Plancarte, 2014):

T = Tyis + Trurb + Twave, (1)

where 7, is the viscous stress and can be omitted because it is only important in the near-surface viscous
sublayer. 7} is the turbulent stress only generated by the gradient of the mean wind U, as well as buoyancy.
Usually, it is positive because the wind speed decreases with decreasing height. 7,4, is the wave-coherent
stress. Waves with low phase speeds relative to the wind speed absorb the momentum, while faster-traveling
waves exert upward momentum. The interactions between wind and waves also depend on their angles: if
waves and wind travel in opposite directions, waves are also sinks of momentum (Grachev & Fairall,
2001). The wave-coherent stress is assumed to decay exponentially with height. Recent measurements and
numerical studies (Hogstrom et al., 2009; Semedo et al., 2009) have shown that the layer where the wave-
coherent stress is significantly influenced is typically only one- or two-wave height for wind sea, but the swell
can penetrate all the atmospheric boundary.

If the waves travel in a direction different from the wind, the stresses should be considered as vectors:

© = —p{uw) i-p(mw) j .
T = —p (W Yimp (VW) § | @

Twave = —P (ﬁﬂ) > i—p (‘;ﬂ) >.l )

here, p is the air density; i and j represent the longitudinal (x axis) and lateral (y axis) unit vectors, and the
x axis is aligned with the wind direction; <+> is the time averaging operator; and u, v, and w represent
the wind fluctuation after removing the mean wind speed, which can be further decomposed into
wave-coherent perturbations (i, v, w) and turbulence (1’,v',w’) based on triple decomposition (Buckley &
Veron, 2016).
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Figure 2. Time series of (a) wind speed and significant wave height, (b) wind direction and wave direction, and (c) atmo-
spheric stability and wave age during observation. The horizontal ordinate shows the local time. The dominant peak
wave speed is used to compute the wave age.
From a turbulent level, the spectra form of stress in equation (2) can also be expressed as (Grachev &
Fairall, 2001)
+00 . +oo .
v= [, pCous(f)df i=fy " pCoum(f)df j,
+o00 . +o0 .
T = =Jo PCOLy (F)df i=Jo~ PCoyy (£)df J. 3
+0o0 . +o00 .
ﬁwwe::_fo Pcogg(f)dfl—fo PCO;;(JUde
where Co is the cospectra, and f'is the frequency in Hz. The negative Co in the x axis represents the down-
ward transport of momentum (from air to water), and vice versa. The negative (positive) Co in the y axis
represents the wind stress directed to the left (right) on the wind vector.
Based on the cospectra, the Ogive curve is defined as the integral of cospectra from the highest frequency to
the frequency of interest:
. . (f . f .

Og(f) = Og, i+ 0g,j = [ Couws(Ndf i+ f; Com(f)dfj. @
where O is the Ogive curve. The Ogive curve contains both a turbulent effect and a swell effect because Co,,,
and Co,,, are used in equation (4).
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Figure 3. Directional wave spectra and frequency spectra of the wind speed fluctuations at a height of (a and c) 8 m at
17 o'clock on 5 May and (b and d) 3 o'clock on 29 March. Panels (a) and (b) directional wave spectra under wind
sea and swell conditions, respectively; the black, green, and red arrows are the wind direction, total stress direction,
and swell wave direction, respectively. Panels (c) and (d) correspond to the three-dimensional wind spectra for wind
sea and swell wave conditions. The blue line (Sy), orange line (Syy), and magenta line (Sy,y) represent the spectra of
longitudinal, lateral, and vertical wind fluctuations, respectively. The black lines (Syave) are wave spectra computed
from integrating directional wave spectra.

Additionally, we define the stress angles based on equation (2):

a = arctan(t,/7y) ,
Quyp = arctan (Tturb y/Tturb x) ) (5)

Owave = Arctan (Twave y/Twave x)

where a, a,p, and a,,q represent the angles of total stress, turbulent stress, and wave stress that deviated
from the wind direction, respectively. The positive angles correspond to the stress vector oriented to the left
of the wind vector.

According to the definition of equations (3) and (5), the turbulent stress can both point to the left (corre-
sponding to Co,,,<0) and right (Co,,>0) side of wind vector, combining with the negative or positive
wave-coherent stress (iCo;ﬁ,iCo;g), the effect of swell waves on wind stress can be separated into eight
cases. These cases will be analyzed using cospectra and Ogive curve.
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Figure 4. Along-wind and across-wind cospectra as a function of frequency using the data shown in Figure 3. (a and b)
The wind sea case at 17 o'clock on 5 May. (c and d) The swell case at 3 o'clock on 29 March. The orange color in the
figure represents the wave-influenced region.

3. Measurements

The measurements used in this study were taken at a fixed platform located in the South China Sea. Figure 1
shows the location and the structure of the platform. The body of the platform is a hollow steel structure
anchored by three huge concrete tanks on the seafloor. The nearest distance between the platform and coast-
line is approximately 6.5 km, and the water depth at the platform location is approximately 16 m.

During the measurements, several eddy-correlation systems, including ultrasonic anemometer, CO,/H,0
analyzer, infrared radiometer and temperature and relative humidity measurement systems, were mounted
at 8, 20, 28, and 36 m above the mean sea level to record the temperature and three wind components. Five
low-frequency marine wind monitors were mounted at 31.3, 23.4, 20.0, 16.4, and 13.4 m to measure wind
speed and direction. An acoustic wave and current (AWAC) sensor (Nortek, Rud, Norway) on the seabed
was used to measure directional wave data.

In this study, turbulence and waves measured from 6 February to 8 May 2012 were used. The turbulence
observed by the high-frequency ultrasonic anemometer (Gill R3-50) mounted at a height of 8 m was selected.
The turbulence was observed at a frequency of 20 Hz, and the instruments pointed to the east. Waves were
observed by the AWAC every three hours, and each wave measurement lasted 2048 s with a sampling fre-
quency of 1 Hz. To guarantee the accuracy of the results, strict quality control procedures, including spike
removal, tilt correction, and mesoscale motion removal (Zou et al., 2017), were used before analyzing the
effect of swell waves on ABL turbulence.

Figure 2 shows the observational time series for several key variables. The high-frequency wind observations
taken at a height of 8 m were averaged every 30 min to obtain the mean wind speed Ug, and the residual was
used to compute the spectra, cospectra, and Ogive curves in the next section. During this period, the winds
were not strong, mostly ranging from 1 to 6 m/s; the marine surface waves were almost completely domi-
nated by swell, with a significant swell wave height Hsgyey ranging from 0.4 to 1.2 m, while the wind follow-
ing the significant wind wave height Hs,;,q mainly concentrated in a range of 0.3-0.8 m. The wind directions
were predominantly from the Northeast before April but slowly changed to the southeast at the end of the
measurement period. Unlike the winds, the swell wave directions were nearly constantly toward the north-
west, giving a relative angle between the wind and swell waves ranging from -120 to 50°. Note that in this
paper, all directions for the winds and waves were calculated using meteorological convention (“from”).
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The atmospheric stability and wave age (defined as c,/Us, where c;, is the
dominant peak wave speed) data are shown in Figure 2c. It can be seen
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that the ABL encountered both stable and unstable conditions, with
mostly -1<z/L<1, where z is height above sea surface and L is Obukhov
length scale. For wave age, we used wind speeds measured at a height of
8 m above the sea surface rather than Ujq to determine the wave ages
because the MOST is invalid under swell conditions. It can be seen that
swell waves (c,/Ug > 1.2) generally dominated the observations. To ana-
lyze the mechanism by which swell waves influence ABL turbulence, only
wind spectra with a pronounced peak at the dominant wave frequency
(see Figure 3) were selected.
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Figure 3 shows the directional wave spectra and corresponding power
| spectra for the three wind speed components. Two examples were selected
to address the difference in wind spectra under wind sea and swell wave:
one example (Figures 3a and 3c) was under wind sea conditions, and the
1 other example (Figures 3b and 3d) was under swell conditions. It is evi-
dent that the behavior of the wind spectra under the swell case
“ 4 (Figure 3d) is much different from that under the wind sea case
‘ ] (Figure 3c), with a distinct peak in the spectra centered at the frequency
. of the dominant wave. This feature has been widely reported in earlier stu-
; dies, such as Rieder and Smith (1998), Soloviev and Kudryavtsev (2010),

= paier ] and Hogstrom et al. (2015).

Figure 5. Ogive curves computed using data in Figure 3. (a) Wind sea

10" 10° 10" Figures 4 and 5 show the cospectra and Ogive curves using the same data
JHz) as Figure 3. For wind waves, the along-wind cospectra are below zero, with
some randomly positive points, indicating the downward transport of

(17 o'clock on 5 May) and (b) swell (3 o'clock on 29 March) cases. The momentum over all frequencies. The magnitude of Co,,, increases with
solid lines represent the longitudinal Ogive curves, and the dashed lines decreasing frequency, and the low-frequency parts (f < — 0.05 Hz) contri-

represent the lateral Ogive curves.

bute mostly to the total wind stress. The Ogive curve contains the same

information as the cospectra. It decreases monotonously with decreasing

frequency (Og, in Figure 5a). Figure 4b shows that the lateral cospectra
seemed to spread randomly over the zero line; however, the integral of Co,,, is nonzero (Og, in Figure 5a),
suggesting that the stress points to the right side of the wind vector (Figure 3a).

Both the cospectra and Ogive curve under swell conditions show significant differences from those under
wind waves. Figures 4c and 4d show a special region (orange color) that appeared in the dominated wave
frequency; this region has both positive and negative segments. The positive segment in Co,,, causes an
abrupt increase with decreasing frequency in Og,, while Og, suddenly decreases in this region due to the
negative segment of Co,, (Figure 5b); thus, the total stress deviates greatly from the wind vector.
Compared with the wind case, we infer that the anomaly in the cospectra and Ogive curve is related to
the swell waves. The swell-related region in the cospectra is consistent with Hogstrom et al. (2018), who also
give a positive region in the cospectra for wind speeds less than 4.5 m/s; however, different from the results
of Hogstrom et al. (2015) and Hogstrom et al. (2015, 2018) for wind speeds greater than 4.5 m/s, the cospectra
have pronounced negative peaks only at the dominant swell frequency. The reason why the cospectra have
both positive and negative regions will be interpreted in section 4.2.

The examples in Figures 4c and 4d and 5b indicate that the influence of swell on wind stress is apparent and
that the abrupt change in the Ogive curve can be considered a distinct feature indicating the influence of
swell waves on wind stress. These examples correspond to a case in which the wind follows a swell wave,
but the turbulent stress points to the left side of the wind vector. By considering all data, the schematics
of other cases, together with the case in Figure 5, are shown in Figure 6. All cases have a negative Co,,.
Cases 1, 3, and 5 have a negative Co,,, but cases 2, 4, and 6 have a positive Co,,; the longitudinal wave-
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Figure 6. Schematic of along-wind and across-wind Ogive curves influenced

by swell waves. The orange color represents the wave-influenced region.

(a) longitudinal Ogive curve and (b) lateral Ogive curve.

coherent cospectra in cases 1, 2, 5, and 6 are positive, and the lateral
wave-coherent cospectra are positive in cases 1 and 2 and negative in
the other cases. These features will be analyzed in the next section. It
should be noted that there are still two cases not shown in our data
due to the influence of platform structure.

4.2. Physical Interpretation

The total wind stress is the integral of the cospectra over all frequen-
cies, thus containing both turbulent stress and wave-coherent stress.
The difference between turbulent stress and wave-coherent stress
within the wave boundary layer is that wave-coherent stress is con-
tained in a narrow frequency range corresponding to the peak in
the wave spectra, while turbulent stress comes from a wider range
of frequencies (approximately 10~ to 10 Hz in this study). Based on
this concept, we analyzed the behavior of the Ogive curves shown in
Figure 6. As mentioned above, the wind wave-coherent stress decays
more rapidly than the swell; hereafter, only the swell part of Tyaye Will
be considered in this study.

The basic theory of the effect of swell waves on wind vectors has been
explored by Grachev et al. (2003). In their study, the turbulent stress
was assumed to be aligned in the same direction as wind, that is, the
turbulent stress. oy, = 0°. However, the turbulent stress direction is
actually controlled by a shear vector other than the wind direction.
Ekman theory predicts that the wind vector rotates clockwise with
height in the Northern Hemisphere, driving the turbulent stress vec-
tor to deviate from the wind direction (Mahrt et al., 2001), and the
Coriolis force in the boundary layer can be enlarged when the
wave-coherent stress appears (Hanley & Belcher, 2008). In addition,
the deviation of turbulent stress from the wind is also influenced by
buoyancy; for example, Mahrt et al. (2001) reported an angle of
approximately 25° between two vectors under very unstable condi-
tions using the Microfronts data collected in Kansa; Geernaert

(1988) showed the turbulent stress vector was to the left of the flow during stable stratifications (this vector
points to right of the flow based on the definition of equation (5) in this study), while for unstable stratifica-
tions, turbulent stress vector was to the right. It should be noted that the deviation in wind stress from the
wind vector always appears, even under wind sea conditions or above rigid land surfaces. Thus, in this study,
the relative angle between the turbulent stress and wind direction was not set to zero.

Figure 7 shows a schematic of the effect of swell-coherent stress on turbulent stress. Here, the wind vector was
set to point toward the east, and the angle between the turbulent stress vector and wind direction was acute.

Figures 7a and 7c show cases in which winds follow swell waves, where swell exerts an upward transfer of
momentum from the ocean to atmosphere. At this time, the longitudinal cospectra are negative and, together
with the upward momentum, cause an abrupt increase in the Ogive curve at the dominant swell wave fre-
quency (cases 1, 2, 5, and 6 in Figure 6a). However, the cross-wind stress is not simple because swell waves
can generate both downward and upward momentum in vertical coordinates. For upward momentum, the
behavior of the Ogive curve, as in cases 1 and 2 in Figure 6b and cases 5 and 6 in Figure 6b, corresponds to
downward momentum.

In the cases in which the wind blows against the swell waves (Figures 7b and 7d), swell will drag the wind
and absorb energy, thus making the along-wind stress larger than the along-wind turbulent stress, inducing
a sharp decrease in the Ogive curve (cases 3 and 4 in Figure 6a). The behavior of cross-wind stress in
Figures 7b and 7d is similar to that in Figures 7a and 7c. It should be noted that the cases in Figure 7d did
not appear in our data due to the structural effect of the platform; hence, no wind blew from 240 to 340°.
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Figure 7. Schematic of the effect of swell-coherent stress on turbulent stress.

The above analysis shows that the swell exerts an upward momentum along the wind direction when the
wind blows over the swell. This momentum is confined to a narrow band at frequencies of dominant swell
waves, thus leading to a positive region in Figure 4c. When wind blows against swell, the swell wave-
coherent stress has the same sign as the turbulent stress, and the two stresses mix together to cause a nega-
tive peak in the cospectra.

4.3. Wind Stress and Vectors

To better understand the effect of swell on turbulent stress, swell wave-coherent perturbations should be
extracted first. Recently, Wu et al. (2018) showed that the wave-coherent stress derived from the orthogonal
projection of wind onto Hilbert space (Hristov et al., 2003) and the linear transformation method (Grare
et al., 2013) are consistent with each other. However, these methods are not valid in our measurements
because the frequency of AWAC is less than that of turbulence. By splitting the wind stress into low, middle,
and high frequencies, Rieder and Smith (1998) showed that the middle frequencies correspond to the fre-
quencies of dominant swell waves and that the stress of this category is tied to the direction of the swell
waves. Hogstrom et al. (2015) and Hogstrom et al. (2018) also showed that the stress in the middle category
is a function of swell-significant wave height. Their middle category corresponds to the swell-related region
shown in Figures 4c and 4d.

In this study, the swell-related region (the orange region in Figures 4c and
4d) was first defined by identifying the swell-related peaks in the wind

1.2

0.8 [

TMLIVU/T

04

T T T
o° spectra; then, the swell-coherent stress was computed using the following
e, . | method. For cases 1, 2, 5, and 6, the positive segment of the swell-related
° s region along the wind cospectra corresponded to the upward momentum
o o
00° o o S o, & o ] exerted by swell waves; thus, the 7,4, x can be computed by 7yygpe x = —p
) o o
o ©2 Fup
2o %o o °o . e Fan Coyy (f)df where Coy,(f)>0, and the fyown and f,, represent the
& 6, down and up limit frequency of positive segment in the swell-related
o .
B o, %0 o b region, and 7,4y y Was computed by Tyaye xtan (Qpave)- FOI case 4, Tyaye 5
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o 1 . .
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Figure 8. Changes in the ratio of wave-coherent stress to total wind stress Figure 8 shows the fraction of the swell-coherent stress against ¢,/Us. The

with wave age

figure shows that the swell-coherent stress is approximately 5-50% of the
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Figure 9. Changes in (a and b) along-wind and (c and d) across-wind stress components with wind speed. The circles and
triangles represent the total stress and turbulent stress, respectively. The black color shows the mean values, and the
other colors correspond to the cases in Figures 6 and 7.

total stress. In some cases, especially under extremely large wave ages, the swell-coherent stress can exceed
80% of the total stress. In general, the fraction of the swell-coherent stress increases with wave age, giving an
average of 32%, a bit larger than the results of Wu et al. (2018) derived from data collected at a height 0of 9.9 m
above the sea.

By removing the swell stress from the total stress, the turbulent stress is given in Figure 9; the total wind
stress is also included in this figure for comparison. To discern the difference between the turbulent stress
and total wind stress, we separated the along-wind data onto two figures: Figure 9a corresponds with the
wind blowing over swell waves, and Figure 9b corresponds with the wind blowing against the swell waves.
The across-wind data were also separated based on whether the magnitude of the across-wind stress was
enlarged by swell or not.

The total stress in Figure 9 shows that the along-wind stress increases monotonically with increasing wind
speed. However, on average, case 3 has a higher value than the cases in Figure 9a. We noted that case 3's
wind is mostly blowing from the coastal region, while the other cases have longer fetches. The younger
and steeper waves in the limited fetch coherently have a larger drag coefficient, leading to the higher values
of case 3. This has been reported by Zou et al. (2017) for the same platform. Unlike the along-wind stress, the
across-wind stress does not have a clear tendency to increase with wind speed but appears to randomly over-
lap with the zero line, especially for Ug < 4 m/s, which is consistent with Grachev et al. (2003).

Compared with mean turbulent stress (black triangles) and total stress (black circles), swell waves have a
remarkable effect, with an increase in along-wind stress for cases 1, 2, 5, and 6, and a decrease in along-wind
stress for cases 3 and 4. The magnitude of the across-wind stress also increases for cases 1, 4, and 6 and
decreases for cases 2, 3 and 5.

Counter- and across-swell are usually considered to result in wind stresses larger than pure wind sea, but the
following swell can decrease wind stress (e.g., Donelan et al., 1997; Grachev & Fairall, 2001; Hogstrom et al.,
2013). However, Figure 9 shows that when oy, # 0°, the magnitude of the total wind stress should be
expressed as

e = 3/ Feurnl? + [l + 20 Ewave] cOS(cturs ~tuane) ©
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Figure 10. (a) Comparison between the magnitude of the total wind stress
and turbulent stress and (b) stress angle compared with the turbulent
stress angle. The colors are consistent with the cases in Figures 6 and 7. The
circles and triangles in (a) correspond with cos (b — Qwave) Values less
than and larger than -0.5|Tyave/Trurbl, and in (b), the circles and triangles
correspond with turbulent stress that deviates from and approaches the
wind vector, respectively.

According to equation (6), swell exerts upward momentum when cos
(Cturb = Awave) < -0.51Tyqvel /ITurpIto make the total wind stress less than
the turbulent stress; for cos (¢tup — Gwave) > -0.51Twavel /1 Taus!, the total
stress becomes larger than the turbulent stress; and for cos (o -
Apave) = 0.51Twavel /1 Trpl, SWell does not contribute to wind stress. A com-
parison between the magnitudes of the total wind stress and turbulent
stress is shown in Figure 10a.

The change in the total stress angle by swell waves can be computed by
vector synthesis: if the swell wave direction . ranges from 0° to a,,
or if the stress fulfills I7,,4,e81N (Apave)l <ITwaveSIN (App)1& SiN (Ayare)Xsin
(cturp)<0, the stress vector approaches the wind vector; when agpe =
Qpurb OT Oty +180°, the stress vector remains in its direction, and the other
stress vectors deviate from the wind vector. This feature is much different
from the results of earlier studies (e.g., Chen et al., 2018), which attempted
to remove the swell effect to reduce the deviated stress angle. The total
stress angle compared with the turbulent stress angle is shown in
Figure 10b.

5. Discussion

In this paper, the effect of swell waves on turbulent stress was studied.
Unlike Grachev et al. (2003), who assumed that the turbulence stress is
aligned with the wind vector, we assumed that there is an acute angle
between the two vectors. This makes the interaction more complicated.
Some studies suggest that buoyancy or the Coriolis effect has a significant
effect on the turbulent stress direction; for example, Geernaert (1988) stu-
died ay,,», based on Navier-Stokes functions, although the model results
were significantly smaller than observations. Figure 11 shows the change
in the turbulent stress angle «,,,;, with atmospheric stability z/L. Although
Ay can be positive or negative for individual points, on average, turbu-
lent stress points to the right of the wind under stable conditions and to
the left of the wind under unstable conditions. This is consistent with
the results of Geernaert (1988). Compared with the buoyancy effect, our

data suggest that the influence of the Coriolis effect is small, generating an absolute value in the order of
1° under nearly neutral conditions.

Grachev et al. (2003) show that swell-coherent stress can also point to the swell direction in the cases of wind
following swell waves. However, our measurements showed that the swell wave stress was always directed

40 -

20

-1 -08 -06 -04 -02 0 02 04 06 08 1

Figure 11. Distribution of the turbulent stress angle as a function of z/L.

against the swell direction (Figures 7a and 7c). We note that these cases
were usually associated with moderate to strong winds or weak swells.
Furthermore, in these cases, the wave-coherent perturbations were small
compared with the turbulence and could not exert a pronounced peak in
spectra. As a result, the spectra were not easily distinguished from wind
sea and thus were not selected in this study.

Using the same platform but with data collected at a height of 17 m
above the sea surface, Chen et al. (2018) showed that the effect of swell
on the stress vector was quite small (their picture 6b), which seemed to
conflict with our results (Figure 10b). Their vertical velocity spectra had
a peak at the dominant wave frequency; thus, they argued that the wave
boundary layer can extend to a height of 17 m. In our 20-m height spec-
tra, the vertical velocity spectra are consistent with the results of Chen
et al. (2018); however, the horizontal velocity spectra did not have sig-
nificant swell- coherent perturbations. This may be because horizontal
perturbations were induced by wave decay more quickly than vertical
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perturbations (Wu et al., 2018); hence, the wave-coherent stress

Og, (m%s?)X10%
T

25 2ol

accounted for a small part of the total stress. In addition to the influence
of height, Wu et al. (2017) also showed that buoyance has some effect on
. wave-coherent stress. As the convective boundary layer can suppress the
wave-coherent turbulence, the effect of swell on the stress vector can be
. quite small.

Grachev and Fairall (2001) found that the momentum flux decreases
monotonically with decreasing wind, reaching zero, and reversing at light
4 wind speeds. Their cospectra showed both negative and positive segments
at light wind speeds. Our results (Figure 4c) are consistent with the results

¢/Us8.1

10" 107

f(z)

il i of Grachev and Fairall. The positive region leads to an abrupt increase in
the Ogive curves in Figure 6, indicating an upward momentum for wind
following swell cases. As the wave age increases, the upward momentum

Figure 12. Examples of changes in along-wind Ogive curves with wave tends to reduce the wind stress and finally leads to a sign reversal of the
age. For wave ages equal to 5.3 and 8.1, we amplified the Ogive curves by wind stress. Figure 12 gives some examples showing the evolution of the
a factor of 2 and 9, respectively, to avoid overlapping with the red line. From along-wind Ogive curve. It can be seen that the effect of wave stress

low to high wave age, the wind speeds are: 5.4, 4.2, 3.4, 3.2, 2.3, and 2.0 m/s.

increases with wave age; when the wave stress is sufficiently large, the
total stress reverses sign; at this time, the wind profile decreases with
increasing height (not shown here).

Many studies (e.g., Holthuijsen et al., 2012; Young, 2006) have shown that swell waves are also dominant
under extreme winds, such as hurricanes. The interaction between swell waves and the ABL is critical in
cyclone and hurricane predictions. However, our study focused on light wind speed conditions; thus, the
behavior of the cospectra and Ogive curves may not be appropriate to describe the interactions between swell
and the ABL under hurricane conditions. More data, especially direct observational turbulence data, are
needed to address this issue.

In the end, we compared our data with earlier studies. For this purpose, the widely used COARE 3.0 (Fairall
et al., 2003) algorithm was selected. Based on the Charnock parameter, the drag coefficient derived from
COARE corresponds to the wind sea condition. Here, we check by removing swell-coherent stress whether
the turbulent stress can represent the stress only generated by the wind sea. When comparing measurements
under different heights and atmospheric stabilities, the MOST is a typical tool for transforming meteorolo-
gical data into standard conditions, that is, a height of 10 m above the sea surface under neutral conditions.
However, during swell conditions, the MOST is invalid. Thus, in the comparison, instead of converting our
data to standard conditions, we input measured wind speed, atmospheric
stability, and height data to COARE 3.0 to derive the pure wind sea drag
coefficient. Figure 13 shows the comparison between our measurements
and COARE 3.0. Here, only data from the open sea were selected to elim-

T T T T T
) Cy=t/pU inate the possible effect of a limited fetch or inertial boundary layer. The
10 Conn Tl PUS results show that C4 computed by total wind stress was small compared
Caconre with COARE for Ug >2 m/s. Considering the swell effect, although the
b turbulent drag coefficient Cyq ;5 moved toward Cq coare, Cd rurp Was still
~ less than Cy coarE, suggesting a nonlinear interaction between swell and
© o ABL turbulence. This also indicates that it is not appropriate to compute
E ooty ind stress by fi ing the wind d then simply addi il
b e ,(_%:x O ERARAARTR | wind stress by first computing the wind sea and then simply adding swe
§§§;‘x . wave-coherent stress. To compute wind stress under swell conditions,
R new parameterization is needed.
10" ——t— : : ; 6. Conclusion
0 1 2 4 5 6 7

Figure 13. Comparison of the drag coefficient between our results and
COARE. Here, Cq, Cq turb, and Cq coarg Were computed by total wind

U (m/s)

Using turbulence data from a fixed platform, this study analyzed the
effects of swell waves, which were propagating in directions different
from the wind, on ABL turbulence from turbulent level. The results

stress, turbulent stress and COARE 3.0, respectively. The cross marks denote showed that wind fluctuation spectra, cospectra and Ogive curves

bin-averaged values.

can provide a direct reflection of the effect of swell waves on ABL
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turbulence, with a significant swell-related region in the dominant wave frequency. The positive region
in the cospectra represents upward momentum, and it tends to decrease the along-wind stress or even
make the stress reverse signs.

To interpret the effect of swell waves on ABL turbulence, we assumed that the total wind stress is the vector
sum of turbulent stress and swell-coherent stress. Different from the approach of Grachev et al. (2003), our
approach does not align the turbulent stress with the mean wind speed.

Based on our approach, the turbulent stress was derived after the swell-coherent stress was computed from
the wind cospectra. The results show that the wave-coherent stress represents a large portion of the total
wind stress, that is, an average of 32% of the total wind stress. The results also show that swell can reduce
the along-wind stress of wind following swell cases but increase the along-wind stress of wind blowing
against swell cases. The magnitude of across-wind stress also depends on the angle between the turbulent
stress and wave-coherent stress. For total wind stress, only when cos (@b — Qwave) < -0.51Tyqvel /170! Will
swells make the total wind stress less than the turbulent stress. The stress vector approaches the wind vector
when the swell wave direction ranges from 0° to o, or the stress fulfills |7,,48i0 (Cave) | <ITaupsin (Ct,p)1&
Sin (Ayave)Xsin (A,4)<O0.
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